To resolve the apparent con¯ict between a lubricating glycoprotein,`lubricin', as the active ingredient in synovial¯uid (SF) and surface-active phospholipid (SAPL) present in SF (and adsorbed to articular cartilage) as the boundary lubricant reducing friction to such low physiological levels, lubricin was isolated from bovine SF following the original procedure of Swann et al. (Arthritis Rheum 1981;24:22±30). Analysis of the lipid extract by thin-layer chromatography and phosphorus determination demonstrated a phospholipid component of 11.1 2 1.7% (N = 5) which corresponds very closely to the 9.2± 13.0% of lubricin which had hitherto remained unidenti®ed and which has previously been shown to be transferable to the articular surface to impart lubrication. These results would appear to resolve any theoretical con¯ict in that lubricin is, indeed, an active ingredient within SF. Yet, as a large water-soluble molecule, it really functions as a carrier for the highly insoluble SAPL which it deposits on the articular surface as the oligolamellar layer visualized in previous studies. However, it is this deposited SAPL, rather than lubricin, which actually lubricates.
IN most rheumatic diseases, and osteoarthritis in particular, it is highly desirable to keep the aected joint mobile and that includes maintaining ecient lubrication [1] . However, the mechanism of lubrication remains a controversial issue arising, in part, from an apparent anomaly. By engineering standards, friction in the diarthrodial joint is reduced to levels associated with a¯uid ®lm separating the sliding surfaces (hydrodynamic lubrication), but at sliding velocities normally associated only with boundary (solid-to-solid) lubrication and, hence, with frictional levels 1±2 orders of magnitude higher. Coecients of kinetic friction (m) are H0.002±0.006 [2±4] in human joints compared with a value of 0.04 for Te¯on [5] , which is one of the best boundary lubricants used in non-biological systems. This apparent anomaly has led to two general approaches, the ®rst essentially invoking various means of retaining¯uid ®lms at low velocities, although most are hybrid models which require some degree of contact of the apposing surfaces in order to retain the separating¯uid at rest under load.
Despite the shortcomings of the basic¯uid-®lm mechanism, it becomes a viable partner to boundary lubrication when viewed with respect to the elastic deformable nature of the cartilage ± elastohydrodynamic lubrication [6, 7] . The elastic deformation of the cartilage spreads the load to a larger bearing surface, thus reducing the velocity necessary to maintain a¯uid ®lm between the bearing surfaces. However, boundary lubrication is likely to take over under high load and low velocity, especially where deformation by disease has compromised the ability of articular surfaces to retain¯uid at their interface.
The search for a boundary lubricant with the capability to reduce friction to the remarkably low levels mentioned above has also attracted much attention, although the degree of hydration needed to maintain lubricity [8] does not exclude a role for
uid. Yet again, this indicates a hybrid approach. In this connection, hyaluronic acid (hyaluronan) has long been recognized for its remarkable ability to retain water and control the viscosity of synovial uid (SF) [9] , but its failure to lubricate under any appreciable load [10] makes it unlikely to be the vital active ingredient'. In a classic experiment involving centrifugation of SF, Radin et al. [11] demonstrated that the active load-bearing ingredient was located in the`proteinaceous' layer rather than the`hyaluronate' layer, while enzymatic studies have supported this view [10, 12, 13] . Those investigators and their collaborators then went on to identify, within the loadbearing fraction, a glycoprotein unique to SF which they termed`lubricin'. They assigned a mol. wt of 227 500 to this`lubricating glycoprotein' (LGP) [14] , but this value was found to vary appreciably with dierent methods of determination [15] . Numerous chemical tests have led to the characterization of 87.0±90.8% (w/w) of this LGP, but 9.2±13% remains unidenti®ed [14±17] . It may be fortuitous, but this is almost the proportion (14%) of the LGP molecule which Swann et al. [16] found to be capable of binding to articular cartilage. This rekindles the concept that boundary lubrication is not provided by SF per se but, rather, by a surface coating deposited onto the articular surface from SF. This concept arose from much earlier work [3] which showed that if the SF is replaced by saline, lubrication of that joint is not compromised immediately. Moreover, any surface such as glass [13] needs to be in contact with SF for H3 min before it is fully lubricated, again indicating that adsorption is a vital step in imparting lubrication with this¯uid.
Industrially, surfactants, and especially cationic surfactants [18] , have long been used as boundary lubricants deposited from solution by adsorption. This fact was appreciated by Dowson and co-workers [19] who found that at least one cationic surfactant could reduce friction to physiological levels in vitro, but these`synthetics' are too disruptive of tissue cells and too toxic for therapeutic use.
After discovering surface-active phospholipid (SAPL) adjacent to other sliding surfaces in vivo, viz. pleura [20] and pericardium [21] , Hills and Butler [22] sought an indigenous surfactant in the joints with lubricating capabilities and found SAPL. At the molecular level, the predominant surface-active component, L-a-dipalmitoylphosphatidylcholine (DPPC), had the same positively charged quaternary ammonium ion as many synthetic cationics, but the adjacent phosphate ion with which it forms a zwitterion avoids the lytic and other undesirable physiological eects of the synthetic cationics.
Subsequent studies [23] have shown DPPC and synovial SAPL to be capable of reducing friction to the very low levels (m = 0.001±0.006) characteristic of the mammalian joint and of doing so at low sliding velocities under high load, i.e. replicating the major features of the diarthrodial joint. Morphological studies, allowing for the very hydrophobic (`oily') nature of the articular surface in the selection of the ®xative, have demonstrated that the osmiophilic surface lining demonstrated previously [24] is really an oligolamellar layer of SAPL resembling other lamellated solid lubricants such as graphite [25] . This lubricating lining of SAPL would need to be derived from SF either as lamellar bodies visualized on the articular surface [23, 26] or by direct adsorption from the SAPL component which renders SF so surface active [23] , i.e. from synovial surfactant which resembles pulmonary surfactant in many ways [20, 23, 26] . Recent ultrastructural studies have essentially con®rmed these structures and have gone on to demonstrate the production of surfactant by the soft tissues surrounding the joint [27, 28] . However, direct adsorption of SAPL from SF could be severely restricted by its very low solubility in water and, hence, in SFÐunless there were a highly soluble macromolecule present as a carrier. It has been speculated [26, 29] that lubricin could provide that carrier, in which case the 9.2±13% of this LGP molecule unidenti®ed by Swann et al. [16] could be SAPL, this fraction representing a feasible quantity of phospholipid to enter into reversible association with the macromolecule without compromising its solubility in water.
Hence, it is possible that SAPL (synovial surfactant) could provide the hitherto unidenti®ed 9.2±13% of`lubricin' [15±17] and the fraction of that molecule which can be bound to the articular surface [16] to eect the remarkable boundary lubrication which graphite-like' lubrication by oligolamellar SAPL appears to provide [20] . As a ®rst test in examining this hypothesis and attempting to`marry' two hitherto con¯icting theories, this study has been designed to repeat some of the extraction procedures of Swann et al.
[14±16] and then to analyse the isolated LGP for SAPL.
MATERIALS AND METHODS

Materials
Bovine SF (5±10 ml/joint) was obtained by arthrocentesis from the sti¯e joints of steers within 15 min of death by stunning and exsanguination. All eight animals were healthy and of 18 months±8 yr of age. Within 2±4 h of death, batches of the pooled SF were clari®ed by ultracentrifugation at 120 000 g for 30 min at 48C. The supernatant was then fractionated in a caesium chloride density gradient according to the standard method of Hearst and Schmid [30] , while the rest was stored by freezing at ±208C.
Synovial¯uid fractionation
The extraction procedures set out by Swann et al. [16] for the isolation of LGP were then followed exactly as described by these authors. Three densitygradient separations were performed, the ®rst at density 1.6 g/ml for 54 h, the second and third at density 1.45 g/ml for 48 h. All three density-gradient separations were performed at 220 000 g.
Speci®c fractions (Fig. 1) were pooled following each density gradient to correspond to Swann's`A' and`B' fractions. Following the third densitygradient separation, the fractions with density between 1.52 and 1.35 g/ml were pooled (fraction`B') ( fractionated on a descending-¯ow chromatographic column (180 Â 2.5 cm) packed with Bio-Gel A-5m of 100±200 mesh (Bio Rad Laboratories, Richmond, CA, USA) and equilibrated with 1.0 M guanidinium chloride buered with 0.01 M Tris±HCl at pH 7.5. The column fractions (5 ml) (Fig. 3) were then analysed on a spectrophotometer by determining absorbance at 280 nm and evaluated for lubricating activity as described below.
Lipid extraction
Crude lipid was extracted from each fraction following a method adapted from Folch et al. [31] . Column eluant (5 ml) was mixed with 10 ml Folch solution (2:1 chloroform:methanol, v/v). This separates into two phases with lipid present in the lower layer. The top layer and any interfacial`¯u' was removed by pipetting or careful siphoning in such a way as not to disturb the lower phase. To ensure complete extraction, the lower layer was gently rinsed with methanol:distilled water:chloroform (48:47:3 by volume). The lower phase was evaporated under nitrogen until dry and then resuspended in 1 ml of chloroform.
Phosphorus determination
This procedure followed the standard method of Rouser et al. [32] , taking great care that all glassware was rigorously cleaned using chromic acid. The lipid extract was transferred to 30 ml Kjeldahl¯asks and the chloroform evaporated under nitrogen before adding 1.1 ml of 70% perchloric acid. The solution was digested by boiling until colourless. The sides of the¯asks were rinsed with 5 ml distilled water before adding 1 ml 2.5% ammonium molybdate then 1 ml 10% ascorbic acid and, ®nally, 2 ml distilled water. This was mixed by gentle swirling. The solution was heated in a boiling water bath for 5 min and allowed to cool for 20 min before the absorbance was determined on the spectrophotometer at 660 nm. Calibration was eected with a standard solution of 118.5 mg of DPPC in 5 ml of chloroform, corresponding to 1 mg of elemental phosphorus/ml.
Thin-layer chromatography (TLC)
TLC was used to separate and identify the phospholipids present in the column fractions (see Fig. 4 ). Lipids were extracted from column fractions as indicated in the lipid extraction section. All solvents used were of analytical grade and all glassware thoroughly cleansed using chromic acid. Pre-coated thin-layer plates (silica gel, 60 A Ê , 20 Â 20 cm) were obtained from Sigma Chemical Co. (St Louis, MO, USA).
A modi®cation of the solvent system reported by Zanetta et al. [33] was used: methyl acetate:n-propanol:chloroform:methanol:0±25% KCl (20:20:20:12:7.2 by volume). Since most individual fractions contained insucient material for TLC, samples were pooled. Samples (10 ml) from pooled fractions (20±30 mg phosphorus/ml chloroform) numbers 30±40, 74±84 and 90±100 were analysed. Samples were visualized using iodine (sublimed) crystals placed in the base of the tank. The control phospholipids were L-a phosphatidylcholine (Sigma P-9671), L-a phosphatidylethanolamine (Sigma # P-9137), sphingomyelin (Sigma # 57004) and L-a phosphatidyl-DL glycerol (Sigma # P0514). These were dissolved in chloroform to give a concentration of 5 mg/ml. Ten microlitres was applied to the starting point of the chromatogram.
Lubrication test
A friction apparatus was used to identify lubricating fractions whose design is based on that used by Radin et al. [34] and described in detail elsewhere [23] . The extracts were deposited on two optically¯at (Fig. 1) , fractions with lubricating activity were pooled and refractionated in a third gradient. The fractions with lubricating activity (4±9 in accordance with Swann et al. [16] ) were then pooled as fraction`B', concentrated and then fractionated by gel chromatography. (Fig. 2) on a column packed with Bio-Gel A-5M and eluted with 1.0 M guanidium chloride buffered with 0.01 M Tris±HCl at a pH of 7.5. Column fractions were then analysed for protein by absorbance and for phospholipid as the quantity of elemental phosphorus extracted from the fraction by a strong lipid solvent.
FIG. 3.ÐFractionation of fraction`B'
quartz plates (4 Â 1 cm), of which one was placed face-up in a carriage driven at any one of several constant speeds. The second plate was then placed on it face-down, i.e. lubricant to lubricant, but perpendicular in the horizontal plane so as to maintain a ®xed area of contact (1 Â 1 cm) upon sliding. The upper plate was carried in a light frame from which weights (W) were suspended to achieve a high surface loading of 3 kg/cm 2 , although 50 kg/cm 2 would have oered a more exclusive test of boundary lubrication if such loads had been attainable. This plate was prevented from moving by a cord attached to a transducer (Grass Model FT10C) in the plane of sliding which recorded a horizontal force (F). The coecient of kinetic friction was then calculated as F/W.
Surface tension
The surface activity of lipid extracts from selected fractions recovered after fractionation of fraction`C' on a Bio-Gel chromatography column was assessed using a standard Langmuir trough, as discussed in detail elsewhere [23] .
RESULTS
Characteristics of fractions
Fractionation of the SF supernatant by sedimentation in 1.6 g/ml caesium chloride produced the density gradient plotted as the dark circles (mean 2 S.E.) in Fig. 1 . This is typical of caesium chloride gradients produced by this method and corresponds very closely to that obtained by Swann et al. [16] in isolating their fraction`A'.
In the analysis of sequential fractions for protein as described above, the absorbance was found to increase markedly after fraction 7, as demonstrated by the open circles (mean 2S.E.) in Fig. 1 . This, again, replicates the results of Swann et al. [16] in which we also pooled fractions 8±11 to reproduce their fraction`A'.
Upon refractionation of fraction`A' in a second and a third centrifugation with an initial density of 1.45 g/ml, as described above, the density gradient achieved is shown by the dark circles in Fig. 2 . This density gradient is almost identical to that achieved by Swann et al., while the absorbance was also very similar, rising steeply from fraction 4 onwards. This demonstrated a further separation of`lubricin' from hyaluronic acid, and we also pooled fractions 4±9 to reproduce their fraction`B', as indicated in Fig. 2 .
Phosphorus analysis
Refractionation of fraction`B' on the Bio-Gel A-5M column described above produced a peak in absorbance corresponding to that described by Swann et al. [16] (see Fig. 3 ). There was another fraction close to the void volume of the column as well as proteinaceous material of lower molecular weight. The results of the analyses of paired subfractions for solvent-extractable phosphorus (SEP), i.e. phospholipid, indicated that the bulk of SEP was contained in fractions 35±50, as indicated by the open circles in Fig. 3 . From the graph, it is evident that there were one major and two minor peaks, the most substantial being at fraction 44 where a phosphorus content of 9.28 2 3.8 mg (" x 2 S.E.) of SEP was obtained. Virtually all of the solvent-extractable phosphorus, i.e. phospholipid, was contained within fractions 35±50, which corresponds exactly to Swann's fraction`C' which contained lubricin. To be certain that our fractions 35±50 contained lubricin, the lubricating ability was tested as described above. Over the range of fractions 35±50, i.e. fraction`C', there was a total of 26.91 2 4.6 mg of SEP (" x 2S.D.).
TLC analysis
TLC showed the composition of phospholipids in the sample pooled fractions 35±50, i.e. the lipid extracted from lubricin, to be predominantly phosphatidylcholine (PC) with traces of phosphatidylethanolamine (PE) and sphingomyelin (Sp). The chromatogram is shown in Fig. 4 .
Taking 795 as the mean molecular weight of SAPL in the fractions analysedÐa ®gure calculated from the percentage present and molecular weight of the three major SAPLs identi®ed in these fractionsÐand determining the LPG concentration as 20 mg/ml, the phosphorus analysis gives an SAPL content of 11.1 21.7% (N = 5) in lubricin in fraction`C'. Statistical analysis using the t-test has shown that this result is highly signi®cant (P < 0.01), falling well within the range of 9.2±13% for the unidenti®ed 
Friction test
In the experiment using the friction apparatus described above, it was found that fraction`C' was an excellent lubricant, imparting a coecient of kinetic friction of <0.005 under high load (3 kg/cm 2 ) in all 10 runs, while the other two fractions did not lubricate (m > 0.1). This con®rms that our fractioǹ C' did indeed contain the active load-bearing ingredient.
Surface tension
The surface activity of fractions 43, 44 and 90 was assessed. Fractions 43 and 44 showed considerable surface activity and produced hysteresis (g:A) loops typical of a highly surface-active substance. By contrast, there was less reduction in surface tension and no hysteresis associated with fraction 90. This is consistent with the TLC ®ndings (see Fig. 4 ).
DISCUSSION
The recorded density measurements and the distribution of absorbance, together with meticulous adherence to the comprehensive experimental detail published by Swann et al. [16] , leave little doubt that fraction`C' obtained in this study is close in composition to the mucinous glycoprotein identi®ed by those authors as`lubricin'. This was con®rmed by the lubrication test whereby friction was reduced to the very low (physiological) levels characteristic of the normal joint. Hence, it is particularly pertinent that our determination of the phospholipid/surfactant content of lubricin at 11.1% lies in the middle of the range of 9.2±13% for the portion of that molecule remaining unidenti®ed after the original analyses of Swann et al. [14±16] . At least, it is the same within the limits of experimental error. Slight discrepancies in the proportion of the lubricin molecule remaining unidenti®ed could be attributed to the presence of non-speci®c electrolytes, so that it would seem reasonable to conclude that SAPL comprises 11±12% of lubricin. Such a percentage of SAPL, largely the highly insoluble DPPC [35] , would seem unlikely to compromise the overall solubility of lubricin in water, further supporting the concept [26] of this macromolecule acting as a carrier for surfactant.
For lubricin to act as a true carrier, however, the small SAPL molecules would need to be capable of release from the lubricin structure, i.e. to enter into reversible combination with certain binding sites. Such reversible association is common between phospholipids and proteins as lipoprotein binding [36] , the protein chains within the macromolecular glycoproteins (such as lubricin) providing ideal sites. Over the last decade, there has been much interest in pulmonary physiology in the role of apoproteins in potentiating the adsorption of SAPL in the neonatal lung [37] , although it remains a controversial issue whether this applies only to the liquid±air interface.
The use of large water-soluble molecules acting as packing cases' for lipid transport in the circulation is a well-accepted concept [38] . Hence, if the carrier concept is correct, then lubricin should be capable of delivering 11.1% of SAPL to the articular surface, which is very close to the proportion which Swann et al. [16] found to be capable of binding to the joint surface. This study would thus appear to resolve any con¯ict between lubricin and synovial surfactant as the active ingredient in joint lubrication. Lubricin is a vital ingredient in SF, supplying synovial surfactant in a soluble form for deposition as a highly insoluble oligolamellar layer adsorbed to the articular surface where this deposited SAPL provides the actual boundary lubrication.
The concept of an outermost lubricating layer of SAPL is consistent with its preponderance in rinsings of the articular surface with a lipid solvent [23] , and the concomitant loss of lubrication [39] and hydrophobicity [23] . Enzymatic studies show an increase in friction with lipases [39] , but not with trypsin [12] . Since a boundary lubricant needs to be adsorbed to the surface before it can lubricate [40] , it is very dicult to envisage a macromolecular water-soluble protein rendering the articular surface so hydrophobic, proteinaceous materials being associated more with adhesives than lubricants or release agents. In any case, it is very dicult to explain why lubricin would not be destroyed by exposure to boiling water or nitric acid, which was shown by McCutchen [41] to have no eect on the lubricating capability of the articular surface, whereas SAPL monolayers can withstand acid at pH 1 [42] and continue to impart lubricity to surfaces even after autoclaving. Other features of the joint favouring SAPL have been discussed in detail elsewhere [29] .
Clinically, it is tempting to speculate that enrichment of SF with SAPL could enhance joint lubrication and, hence, joint mobility by replenishing any de®ciency in synovial surfactant. Exogenous surfactant could also extend the life of collagen ®bres since it has been shown to reduce wear in vitro [43] , while the hydrophobicity it imparts might help to reduce cartilage hydration which can occur with osteoarthritis [44] . It is also possible that exogenous surfactant could impart some degree of chondroprotection, since it has recently been demonstrated in the lung [45] that surfactant is an eective scavenger for oxygen free radicals and those have been implicated in the pathogenesis of osteoarthritis [46] . ACKNOWLEDGEMENT This work was funded by the Australian Research Council.
